Pertussis-Specific Memory B-Cell and Humoral IgG Responses in Adolescents after a Fifth Consecutive Dose of Acellular Pertussis Vaccine
P ertussis, or whooping cough, is caused by the bacterium Bordetella pertussis. It is a highly contagious disease that affects all ages, but infants are most vulnerable to severe and fatal infections. Two types of pertussis vaccines are currently available, i.e., wholecell pertussis (Pw) and acellular pertussis (Pa) vaccines. Both types are given in combination with diphtheria and tetanus (i.e., diphtheria-tetanus-whole-cell pertussis [DTwP] and diphtheria-tetanus-acellular pertussis [DTaP] vaccines). The DTaP vaccines are available with 1 to 5 pertussis components, including pertussis toxoid, filamentous hemagglutinin (FHA), pertactin (PRN), and fimbriae serotypes 2 and 3 (Fim2/3).
The history of pertussis vaccination in Sweden differs from those of other countries. Due to low vaccine efficacy and reports of severe side effects, Pw vaccination was discontinued in Sweden in 1979. During the 17-year hiatus that followed, pertussis incidence increased in the population (1) . Following the development of Pa vaccines (2) , two large clinical trials of safety and efficacy were performed in Sweden (3, 4) . These trials led to the introduction of Pa vaccination into the Swedish Childhood Vaccination Program in 1996. DTaP vaccination at 3, 5, and 12 months resulted in an 80 to 90% decrease in pertussis incidence in Sweden (5) . Today, a DTaP booster at 5 to 6 years is also included in the Swedish vaccination scheme.
Traditionally, antigen-specific serum antibody levels are used as markers for vaccine immunogenicity and to evaluate correlates of protection (6) . However, no single serological correlate of protection, on an individual level, has been found for pertussis. Morecomplex correlations have been reported on a group level, and antibodies to PRN, Fim, and pertussis toxin (PT), either singly or synergistically, have been shown to correlate with protection (7-9).
T-cell-mediated protection is important in defeating pertussis infection (10, 11) , and B cells have been shown to contribute to protection against pertussis in mouse studies (12, 13) . Studies have also shown that antigen-specific memory B cells can be present despite waning antibody levels for both pertussis (14) and other pathogens (15, 16) , indicating that inclusion of memory B-cell evaluations would broaden the understanding of vaccineinduced immunity and protection.
Despite multiple vaccine doses during childhood, the incidence of pertussis is increasing in the adolescent population (17, 18) . This has led to the evaluation of an adolescent booster in many countries (19) (20) (21) (22) (23) . In Sweden, a school-leaving booster at 14 to 16 years of age will be introduced in 2016. This booster consists of tetanus and reduced doses of diphtheria and pertussis (i.e., tetanus-diphtheria-acellular pertussis [Tdap] ). Preceding this introduction, a trial of the safety and immunogenicity of an adolescent booster was performed. The safety data and serological responses from the trial will be reported elsewhere (data not shown). The aims of this study were (i) to analyze the memory B-cell responses after a 5th dose of either a 1-component or a 5-component acellular pertussis vaccine in 34 subjects and (ii) to compare the memory B-cell responses to the serological responses to see if there were any differences in the responses or if any correlation could be found. We report on the antigen-specific memory B-cell responses to PT, FHA, and PRN before and after booster vaccination in 34 subjects included in this study. The Fim2/3-specific responses were not evaluated because of methodological limitations.
MATERIALS AND METHODS
Ethics. Thisstudy(registeredatEudraCTunderregistrationno.2008-008195-13 and at ClinicalTrials.gov under registration no. NCT00870350) was approved by the regional ethical review board in Stockholm, Sweden (ref 2008/2014-31) . Written informed consent was obtained from the participants and their parents or legal guardians.
Subjects and samples. A total of 230 children (14 to 15 years of age) were recruited into the study. The trial was an open-label, randomized, multicenter study without a control group and with blinded analysis. All subjects had received primary vaccination consisting of three doses of DTaP5 vaccine (Connaught HCP4DT, lots 003-11 and 003-31), at 3, 5, and 12 months of age, followed by a booster dose of Tdap5 (Triaxis; Sanofi Pasteur MSD) at the age of 5.5 years. The subjects were randomized into two vaccine groups, receiving one dose of either Tdap1 (diTekiBooster; Statens Serum Institute) or Tdap5 (the same vaccine as used for the 5.5-year booster). The antigen contents of the two vaccines can be found in Table 1 .
At two study sites included in the trial (Linköping and Stockholm), the subjects were given the possibility of providing an additional blood sample for evaluation of memory B-cell responses. Thirty-four subjects (Linköping, n ϭ 26; Stockholm, n ϭ 8) volunteered for this, of whom 18 subjects were from the Tdap1 group and 16 subjects were from the Tdap5 group. Samples were collected before (day 0) and after (days 28 to 42) vaccination.
Pertussis-specific serum IgG levels (PT, FHA, and PRN) were measured for all subjects, as this was the primary analysis of immunogenicity. For memory B-cell responses, the antigen-specific responses were prioritized as follows: PT Ͼ PRN Ͼ FHA. All 34 subjects were tested for PTspecific memory B cells but, due to low cell availability, PRN-specific responses were evaluated for 22 subjects (11 from each group) and FHAspecific responses were evaluated for 16 subjects (8 from each group).
Following laboratory analysis, three subjects with high prevaccination pertussis-specific serum IgG levels were identified (two in the 1-component group and one in the 5-component group). The high prevaccination levels could be an indication of a recent pertussis infection; therefore, the three subjects were excluded from the group analysis. The numbers of subjects per vaccine group were therefore adjusted to 16 for the 1-component group and 15 for the 5-component group. A flow chart of the inclusion of subjects for the antigen-specific analysis of memory B cells is shown in Fig. 1 .
Antigens. For the memory B-cell enzyme-linked immunosorbent spot assay (ELISpot), PT (lot 042) and FHA (lot 039) were obtained from Kaketsuken (Japan). PRN (lot 180805 RS) was kindly provided by A. M. Buisman at the National Institute for Public Health and the Environment (RIVM) (the Netherlands). For the enzyme-linked immunosorbent assay (ELISA), PT (lot TOH 15) and FHA (lot TOH 15) were obtained from SmithKline Beecham (Rixensart, Belgium). PRN (SKA-QCD-SCO4420) was obtained from Aventis Pasteur (Toronto, Canada).
Purification, cryopreservation, and thawing of PBMC. Cells were sampled from two study sites using two slightly different protocols. For the Stockholm cohort (n ϭ 8), peripheral blood mononuclear cells (PBMC) were purified from whole-blood samples collected in BD Vacutainer CPT tubes with sodium heparin (Becton, Dickinson, Franklin Lakes, NJ) and separated according to the manufacturer's instructions. Cryopreservation and thawing were performed as described previously (24) , using freezing medium with 90% fetal calf serum (FCS) (Gibco Invitrogen, Paisley, United Kingdom) and 10% dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO). For the Linköping cohort (n ϭ 26), purification and cryopreservation were performed as described previously (25), using Ficoll (GE Healthcare, Uppsala, Sweden) and freezing medium with 10% DMSO (Sigma-Aldrich), 50% FCS, and 40% RPMI 1640 medium (both from Gibco Invitrogen). Thawing was performed as 
FIG 1
Flow chart of the subjects included in the antigen-specific memory B-cell ELISpot analysis.
for the Stockholm cohort. The different protocols for purification and freezing of cells had no impact on cell viability following thawing. IgG-specific memory B-cell ELISpot. This method has previously been described in detail (26) . In short, wells were coated with either 0.5 g antigen/well or phosphate-buffered saline (PBS) (SVA, Uppsala, Sweden) for blank wells. Thawed PBMC were divided into two aliquots, one stimulated (1 g/ml R848 plus 10 ng/ml interleukin 2 [IL-2]; Mabtech AB, Nacka Strand, Sweden) and one unstimulated. The cell concentration used was 2 ϫ 10 6 PBMC/ml. Cells from the stimulated postvaccination time point were also added in 2-fold titrations, due to expected high numbers of antibody-secreting cells (ASC). Plates were analyzed with a CTL reader (Immunospot, Cleveland, OH). The lower cell concentration for the stimulated postvaccination samples was used only if the high concentration yielded too many spots to be counted. The plate data were processed as follows. The mean value of triplicates was enumerated as ASC/10 6 PMBC (an enumerated mean value of a triplicate is referred to as X). The number of antigen-specific memory B cells (n memB ) detected was calculated using the following formula: (X stimulated Ϫ X unstimulated ) Ϫ X blank ϭ n memB . The number of memory B cells should be seen as a relative number, however, since cell proliferation during stimulation is not accounted for. Subjects with Ն50 antigen-specific spots postvaccination and Ն100% increases in spot numbers in postvaccination samples versus prevaccination samples were considered to be vaccine responders. Total IgG was tested for all subjects and time points, as a positive control for the subjects. If no visible total IgG spots were detected, then the plate was retested. The IgG-producing cell line ARH77 (CRL-1621; LGC Standards) was included as a positive control for the assay. All plates with mean ARH77 triplicate values below 2 times the standard deviation were retested.
Serum IgG ELISA. The serological responses of the 34 subjects with available memory B-cell samples were also included, for comparison. The serological method (ELISA) is described elsewhere (27) . A positive antibody response was defined as (i) Ն4 times the minimum level of detection (MLD) in the postvaccination sample and (ii) Ն100% increase between the prevaccination sample and the postvaccination sample. The MLD values for the included antigens were 1 IU/ml for PT and FHA and 2 IU/ml for PRN.
Statistics. All data were considered nonparametric. Comparisons between groups were performed with 1-way analysis of variance (ANOVA) or the Kruskal-Wallis test with the Dunn post hoc test. P values of Ͻ0.05 were considered statistically significant. Correlations were determined with Spearman's rank correlation coefficients.
RESULTS
Pertussis-specific IgG-producing memory B-cell responses after fifth dose of acellular pertussis vaccines. The pertussis-specific IgG-producing memory B-cell responses before and after vaccination were evaluated in the two vaccine groups included in the study (Fig. 2 and Tables 2 and 3 ). The 1-component group had a significant increase (P Ͻ 0.05) in PT-specific memory B cells between the prevaccination and postvaccination measurements ( Fig. 2A) , with the median value increasing from 3 to 81 antigenspecific ASC/10 6 PBMC and with 11 of 16 subjects responding to the antigen. No responses to FHA or PRN were seen for the 1-component group (Fig. 2B and C and Table 2 ). Only one subject in the 5-component group responded with PT-specific memory B cells postvaccination (3 and 62 ASC/10 6 PBMC prevaccination and postvaccination, respectively). However, the 5-component group had significant increases in FHA-and PRN-specific memory B cells (P Ͻ 0.05). For FHA, the median value increased from 7 to 70 antigen-specific ASC/10 6 PBMC, and 5 of 8 subjects responded to the antigen. The median value for PRN-specific memory B cells increased from 3 to 232 antigen-specific ASC/10 6 PBMC, and 10 of 11 subjects responded to the antigen.
Serological pertussis-specific IgG responses after fifth dose of acellular pertussis vaccines. All subjects (Tdap1, n ϭ 16; Tdap5, n ϭ 15) were tested for serological IgG responses to PT, FHA, and PRN prevaccination and postvaccination ( Fig. 3 and Table 3 ). The 1-component group had significantly increased levels (P Ͻ 0.05) of PT-specific IgG postvaccination (80.5 IU/ml) versus prevaccination (2.0 IU/ml) (Fig. 3A) , with all 16 subjects responding to the antigen. As expected, no increase in serum IgG levels was observed for FHA or PRN in the 1-component group (Fig. 3B and C) . The 5-component group had significantly increased levels (P Ͻ 0.05) of antigen-specific serum IgG for all included antigens (Fig. 3) . The PT response was lower than in the 1-component group (2.0 and 18.0 IU/ml prevaccination and postvaccination, respectively) (Fig. 3A) , but 14 of 15 subjects responded to PT. All subjects in the 5-component group responded to FHA (9.0 and 93.0 IU/ml prevaccination and postvaccination, respectively) and PRN (33.4 and 437.9 IU/ml prevaccination and postvaccination, respectively), indicating broad responses to the vaccine.
Subjects with high prevaccination serum IgG levels. The three subjects with high prevaccination serum levels were analyzed separately for memory B-cell and serum IgG responses following vaccination. Two of the subjects had high antibody levels for all included antigens, and one subject had high levels for FHA and PRN (Fig. 4) and did not respond with serum IgG against these antigens following the booster. One subject from the 1-component group with low PT-specific prevaccination levels did respond with PT-specific serum IgG following the booster, however.
The high prevaccination levels were not seen in the memory B-cell responses detected in peripheral blood (Fig. 4) , and all three subjects increased their levels of PT-specific memory B cells following the booster. Only one of the three subjects (1-component group) was tested against PRN and FHA, with declining levels of antigen-specific memory B cells postvaccination versus prevaccination.
Correlations between antigen-specific humoral and memory B-cell responses. Correlations between serum and memory B-cell responses were evaluated for the postvaccination sample; PT was analyzed for both groups, and FHA and PRN were analyzed only for the 5-component group. The 1-component group showed significant correlation (Spearman r ϭ 0.638, P ϭ 0.001) between the PT-specific antibody levels and the memory B cell levels (Fig. 5) . No correlation was found in the 5-component group for any of the antigens (PT, Spearman r ϭ 0.354, P ϭ 0.195; FHA, Spearman r ϭ Ϫ0.024, P ϭ 0.977; PRN, Spearman r ϭ Ϫ0.100, P ϭ 0.776).
DISCUSSION
Today there are no available vaccines offering long-lasting protection to pertussis. Therefore, booster doses are an important and efficient strategy to maintain pertussis-specific immunity in the population. Several studies have already shown the efficacy and safety of an adolescent Pa booster (23, (28) (29) (30) (31) . However, most of them did not include children entirely vaccinated with a 5-component Pa vaccine, as in this study. The 17-year hiatus in pertussis vaccination in Sweden is also expected to have influenced the immunity of the general population, making it not directly comparable to other countries. Therefore, we decided to perform an additional study among Swedish adolescents, preceding the introduction of the school-leaving booster dose in 2016.
Adolescent pertussis boosters have been shown to induce Tcell-mediated immunity (23, (32) (33) (34) , but reports of B-cell immunity are scarce. However, Hendrikx et al. (35) studied the impact of a second Pa booster on memory B cells in 9-year-old children who had received four doses of Pw vaccine in their first year. They reported memory B-cell kinetics similar to those in this study, with increased levels of memory B cells at day 28 versus day 0.
Serum antibody levels are maintained by long-lived plasma blast cells resident in the bone marrow. The continuous secretion and circulation of pathogen-specific antibodies enable rapid neutralization of reinfecting pathogens. If a pathogen causes reinfection, then the memory B-cell pool is readily available for a recall response and rapidly differentiates, amplifying the antibody-me- diated protection (36, 37) . As reviewed by Yoshida et al. (37) , the two B-cell responses most likely represent two forms of independently controlled immunological memory. This idea is supported by studies finding only low or moderate correlations between humoral and memory B-cell responses (38) (39) (40) , as well as by mouse studies showing that serum antibody levels are not affected by depletion of the memory B-cell pool (41, 42) . This study reports a correlation for the 1-component group for the PT-specific responses, but no correlation was detected for the 5-component group for any of the antigens. The low PT-specific memory B-cell response and the small number of subjects included in the FHA and PRN analyses could be a possible explanation for this. These responses are detected rather shortly after vaccination (4 to 6 weeks postvaccination), however, and thus more likely represent the acute versus the long-term relationship between the two B-cell responses (43) . The Dutch booster study in 9-year-old children detected a correlation between memory B-cell levels 1 month postbooster and serum IgG levels 1 year postbooster (35) , illustrating that the true relationship between the B-cell responses is not yet established.
One of the exclusion criteria in this study was previous clinical or bacteriological diagnosis of pertussis, as stated by the participants. Interestingly, three of the subjects did display pertussisspecific antibody levels indicative of a recent infection, demonstrating the unrecognized presence of pertussis in the adolescent population. The high prevaccination levels were not seen in the peripheral memory B-cell response and, following vaccination, all three subjects responded with PT-specific memory B cells. Only one of the three subjects was analyzed for FHA-and PRN-specific memory B cells and was shown to have decreased levels of antigenspecific memory B cells postvaccination versus prevaccination. This subject received the 1-component vaccine and was therefore not boosted against the antigens. Following vaccination, the serum IgG levels of the three subjects showed only minor fluctuations, except for one subject whose PT-specific IgG serum levels were low prevaccination but increased following the booster. Interestingly, both the pertussis memory B-cell levels and the serum IgG levels in the three subjects were higher than the group's median values. Although these comparisons are based on a very small number of subjects, this could support the idea that natural infection induces a stronger immune response than the two vaccines included in the study.
The rationale behind introducing an adolescent booster is to decrease pertussis incidence in that age group and also to impede transmission to infants who are not fully vaccinated. The benefits of an adolescent booster are under debate, however. As discussed by Hallander et al. (44) , adolescents might benefit more from natural infection, which would induce long-lasting immunity, than from a booster vaccination. A natural infection during adolescence could provide immunity sustainable into the childbearing years and thus reduce the risk of parent-child transmission. Lavine et al. (18) have shown that the yearly peak of adolescent pertussis does not coincide with those for infant and adult groups, indicating a more-adult source of infant pertussis transmission. The effects of an adolescent booster on infant pertussis have been evaluated in two separate studies. One study showed that the overall pertussis incidence was not affected by an adolescent booster (45) , whereas the other study indicated that the adolescent booster reduced the number of hospitalizations due to severe infant pertussis (46) . This indicates that the impact an adolescent booster would have on infant pertussis is yet to be determined. However, further development of acellular pertussis vaccines, e.g., with additional antigens (47, 48) or adjuvants (49, 50) , could lead to better efficacy of the adolescent booster and thus induction of sustainable protection into the childbearing years. Studies have shown that whole-cell pertussis vaccines seem to offer better protection than acellular vaccines (51, 52) . The greater reactogenicity of whole-cell vaccines is a concern and must be reduced, however. A novel intranasal attenuated pertussis whole-cell vaccine, BPZE1, has shown promising results in a clinical study (53, 54) and, with optimization, could offer a nonreactogenic whole-cell vaccine in the future. Another benefit of this vaccine is that it is designed to mimic natural nonpathological infection, likely inducing immunity similar to that seen after natural infection.
In this study, two different acellular pertussis vaccines were evaluated, as an adolescent booster dose, for their immunogenicity with regard to antigen-specific memory B-cell and serum IgG levels. We could see that both vaccines were immunogenic but antigen contents and concentrations influenced the responses. The 1-component vaccine induced higher levels of PT-specific memory B cells than did the 5-component vaccine, which most likely is explained by the higher antigen concentration in the 1-component vaccine. The 5-component vaccine, on the other hand, produced broader responses, with increases in both FHAand PRN-specific memory B cells. Similar profiles were seen for the serum IgG responses. Establishing the optimal antigen contents and concentrations that should be included in a booster dose is important, as we have shown here that these factors influence the magnitude of the vaccine response. However, the short follow-up time in this study is not sufficient to allow any conclusions regarding the optimal adolescent booster vaccine. This study does indicate, however, that the choice of vaccine is dependent on whether a strong or broad pertussis-specific response is sought. In conclusion, a 5th consecutive dose of a Pa vaccine has been shown to be immunogenic in Swedish adolescents and induces significant increases in pertussis-specific B-cell responses.
FIG 4
Subjects with high prevaccination serum IgG levels. High pertussis-specific serum IgG levels were detected in three of the subjects. All subjects had high
antibody levels against all antigens tested, except for one subject who did not have high PT-specific serum levels prevaccination but did respond to that antigen following booster vaccination. The high prevaccination levels were not detected in the peripheral memory B-cell responses. All three subjects responded with PT-specific memory B cells, whereas the only subject with samples available for assessment of FHA and PRN responses showed decreased levels postvaccination versus prevaccination. Dotted lines, cutoff levels for positive vaccine responders.
FIG 5
Correlation between antigen-specific humoral and memory B-cell responses in the 1-component group. A significant correlation between the IgGspecific humoral and memory B-cell responses was detected only for the pertussis toxin-specific responses in the 1-component group (Spearman r ϭ 0.638, P ϭ 0.001). The x axis was segmented for better view of the data for individual subjects.
